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the dendritic spine density of immature granule cells was not increased in the outer molecular 48 layer compared to the middle molecular layer. However, chronic blockade of neurotransmitter 49 release in medial entorhinal axons with tetanus toxin disrupted normal synapse development 50 from both medial and lateral entorhinal inputs. Our results support a role for preferential lateral 51 perforant path input onto newly generated neurons in mediating pattern separation, but also 52 indicates that medial perforant path input is necessary for normal synaptic development. 53 54 Significance Statement: The formation of episodic memories involves the integration of 55 contextual and spatial information. Newly integrated neurons in the dentate gyrus of the 56 hippocampus play a critical role in this process, despite constituting only a minor fraction of total 57 granule cells. Here we demonstrate that these neurons preferentially receive information 58 thought to convey the context of an experience -a unique role that each newly integrated 59 granule cell serves for about a month before reaching maturity. 60 61 62
Introduction: 63
As the entry point to the trisynaptic hippocampal circuit, the dentate gyrus has several 64 interesting features including a 'sparse' network design (Boss et al., 1985; Rolls et al., 1998) , 65 laminated inputs carrying distinct informational content (Witter, 2007; Knierim et al., 2014) , and 66 participation of mature granule cells alongside the continuous integration of newly-generated 67 neurons Ming and Song, 2011) . Hippocampal 68 granule cells receive highly laminar inputs from entorhinal cortex within the molecular layer of 69 the dentate gyrus. Input from medial entorhinal cortex, conveying spatial cues, is restricted to 70 the middle molecular layer (Ferbinteanu et al., 1999 neurons also undergo rapid changes in connectivity, which differs from synapse remodeling in 88 early development (Goodman and Shatz, 1993; Katz and Shatz, 1996 (Luikart et al., 2011) . The retrovirus contained an internal ubiquitin 6 112 promoter that drives expression of GFP (viral titer 10 5 ) as described previously (Luikart et al., 113 2011) . To express the light-activated ion channel channelrhodopsin-2 (ChR2) selectively in 114 entorhinal cortex axons projecting to the middle or outer molecular layer, we stereotaxically 115 injected an AAV9-CAG-ChR2-eGFP viral construct (UNC Viral Core) into the medial or lateral 116 entorhinal cortex. To selectively silence axons, we injected a custom AAV-CAG-TeNT-mCherry 117 virus (viral titer 10 13 ) made by cloning a 2kb fragment encoding the light chain of tetanus toxin 118 fused with mCherry into an AAV backbone using InFusion cloning. AAV vectors were serotyped 119 with AAV9 coat proteins and packaged at the University of North Carolina Vector Core. 120 121 Stereotaxic Injections: Stereotaxic viral injections into 6-8 week old male and female C57/Bl6 122 mice were carried out using a Model 1900 Stereotaxic Alignment System (Kopf). Mice were 123 anesthetized with 2% isoflurane, and a small incision was created over the skull following 124 application of artificial tears to the eyes and antibiotic/iodine around the incision site. A Model 125 1911 Stereotaxic Drill was used to create burr holes over the injection site. pRubi-GFP 126 retrovirus to label mitotically active granule cells was injected into the dentate gyrus 127 (coordinates: in mm from bregma): anteroposterior: -1.9, lateromedial: +/-1.1; dorsoventral: -128 2.5, -2.3. One microliter of non-diluted virus was injected at 250 nl/min with a 10 µl Hamilton 129 syringe fitted with a 30-gauge needle using a Quintessential stereotaxic injector (Stoetling). Dendrites for spinal analysis were imaged using a 63x objective (1.4 NA, oil, 2x zoom). For each 156 imaged cell, dendritic segments in the middle molecular layer and the outer molecular layer 157 were imaged. The middle and outer molecular layer were distinguished based on VGluT2 158 immunofluorescence pattern, which begins at the border between the inner molecular layer and 159 middle molecular layer. Middle molecular layer dendritic segments were therefore imaged at the 160 beginning of the VGluT2 staining, whereas outer molecular layer dendritic segments were 161 imaged at the distal tip of the molecular layer. Spine density analysis was performed blinded to 162 experimental condition. The Cell Counter plugin in FIJI (NIH) was used to count and categorize 163 spines (Harris et al., 1992) , and Simple Neurite Tracer (FIJI) was used to measure dendritic 164 segment length. Spine density and spine type between the middle and outer molecular layer 165 was compared across conditions (control and TeNT overexpression) and developmental time 166 points (3-12 weeks post-viral injection). Spine morphology was visually assessed: dendritic 167 spines containing a spine head (ca. 2x shaft diameter) were considered as mushroom spines 168 and all other spines were considered filopodia-like. 169 170 Electrophysiology: Electrophysiological recordings were made 21 days after viral injection to 171 allow for construct expression. Acute coronal brain slices were prepared as described 172
previously (Perederiy et al., 2013) . Briefly, animals were anesthetized with an intraperitoneal 173 injection of 2% 2,2,2-tribromoethanol (0.7-0.8 mL), and transcardially perfused with an ice-cold, 174 oxygenated modified ACSF which contained (in mM): 110 choline-Cl, 7 MgCl2, 2.5 KCl, 1.25 175 NaH2PO4, 0.5 CaCl, 1.3 Na-ascorbate, and 25 NaHCO3. Hippocampi were resected and cut at 176 300 µm in the transverse axis on a Leica 1200s vibratome. Slices were allowed to incubate for 1 177 hr in 37ºC normal ACSF, which contained (in mM): 125 NaCl, 2.5 KCl, 2.0 CaCl, 1.0 MgCl2, 178 1.25 NaH2PO4, 25 NaHCO3, and 25 glucose. (1 ms) were provided through the microscope objective, which was centered over the 197 appropriate lamina. Optical stimulation was provided over a range of intensities until a maximal 198 response was elicited, which was then used for the remainder of the experiment. Peak EPSC 199 amplitudes were measured using a built-in routine in AxographX. Miniature EPSCs were 200 recorded in the presence of SR95531 (10 µM) and TTX (1 µM) to isolate miniature excitatory 201 events. Quantal events were detected using a sliding window template consisting of a single 202 exponential (-10 pA, 1 ms rise time, 6 ms decay time constant). Individual events were then 203 manually inspected. mEPSC analysis was performed with the experimenter blinded to condition. 204 205 Cell Culture: Mouse hippocampal neurons were cultured on glial micro-islands as described 206
previously (Tovar et al., 2009 ). Briefly, neonatal (postnatal day 0-1) male mice were 207 decapitated, and the hippocampi were dissected. Micro-islands were generated by plating at 208 125,000 cells/35 mm dish. After 7 days in vitro, cultures were treated with 200 µM glutamate for 209 30 min to kill any neurons. Neurons were then plated on the remaining glial feeder layer at 210 25,000 cells/35 mm dish and maintained in a tissue culture incubator (37ºC, 5% CO 2 ) until use. 211
The culture medium consisted of minimum essential media with 2 mM glutaMAX (Invitrogen), 212 5% heat-inactivated fetal calf serum (Lonza), and 1 ml/l MITO+ Serum Extender (BD 213 Biosciences). The culture medium was supplemented with glucose to a final concentration of 21 214 mM. Cultured neurons were transduced at 1 day in vitro by replacing 50% of the culture medium 215 with virus-containing medium (1 µL of virus in 500 µL medium). After 24 hours, the virus-216 containing medium was removed and replaced with fresh complete medium. (pRubi-expressing) and two pRubi and TeNT-expressing animals were transcardially perfused 233 with PBS followed by a 3.75% acrolein and 2% paraformaldehyde fixative. The brains were then 234 extracted and stored in 2% paraformaldehyde for at least 1 hour prior to sectioning at 40 µm in 235 the coronal plane using a Leica VT 1000s vibratome (Leica Microsystems). Sections including 236 the dorsal hippocampus were incubated in 1% sodium borohydride for 30 minutes to reduce 237 nonspecific binding, followed by incubation in 10% Triton-X for 45 minutes to increase antibody 238 penetration. Next, sections were blocked with 0.5% bovine serum albumin for 1 hour followed by 239 primary antibody incubation directed against pRubi-GFP (Rabbit α-GFP; 1:500, Millipore Cat #: 240 AB3080) or TeNT-mCherry (Mouse α-mCherry; 1-500, Living Colors Cat #: 632543) overnight at 241 4ºC. Following primary antibody incubation, the tissue was thoroughly washed with 0.4% Triton-242 X. To visualize GFP, tissue was incubated in biotinylated goat α-rabbit secondary antibody 243
(1:200; Vector Laboratories, Cat # BA-1000) for 2 hours at room temperature followed by avidin-244 binding complex (Vector Laboratories, Burlingame CA) for 30 minutes then reacted with DAB-245 H 2 O 2 solution for 5.5 minutes. To visualize mCherry, the tissue was incubated in goat α-mouse 246 gold-conjugated IgG (1:50; Aurion, Cat #: 800.422) for 2 hours at room temperature. Tissue was 247 then washed with citrate buffer and silver enhanced for 6.5 minutes. 248 249 Following DAB and/or immunogold reactions, the tissue was fixed in 1% osmium tetroxide for 15 250 minutes in 0.1 M phosphate buffer. Tissue was then washed and dehydrated through an ethanol 251 series before being incubated in propylene oxide (10 minutes) and propylene oxide:EMBed (1:1 252 solution) overnight. Finally, the tissue was embedded in Aclar resin and placed in an oven at 253 60ºC for 24 hours. 700 nm coronal sections were made using a Leica EM UC6 vibratome (Leica 254 Microsystems). Some sections were mounted on glass slides and stained with toluidine blue in 255 0.5 % sodium tetraborate to assist in region selection. Tissue from the supra-pyramidal blade of 256 the dentate gyrus was sectioned at 70 nm using an ultramicrotome (Leica Microsystems). 
Adult-born granule cells receive preferential input from outer molecular layer axons 278
To examine the perforant path input onto newborn granule cells, we used electrical and 279 optogenetic laminar-specific stimulation (Figure 1 A) To chronically silence axonal input in a laminar-specific manner, we virally expressed tetanus 336 toxin light chain (TeNT), which cleaves the SNARE complex protein synaptobrevin-2, thereby 337 preventing neurotransmitter release (Schiavo et al., 1992) . We chose to use tetanus toxin 338 because it has the advantage of completely silencing axons, with the disadvantage that effects 339 are irreversible. As the degree of silencing may influence effects on excitatory synapse 340 formation (Bagley and Westbrook, 2012) , we carefully validated our tetanus toxin vector in vitro 341 and in vivo. First, we examined AMPA receptor currents in neurons in autaptic cultures (Tovar et 342 al., 2009 ). In control cells an unclamped action potential at the soma elicited a large amplitude, 343 NBQX-sensitive EPSC without failure (n=7 cells; Figure 3 A incoming axons. The effect of silencing was selective for inputs onto newly generated neurons 471 and occurred even though not every axon in the medial perforant path expressed tetanus, as 472 estimated from the residual field EPSP. Silencing the medial perforant path was accompanied 473 by a reduction in spine density in both the middle and outer molecular layer, although the 474 reduction in synaptic strength was greater than the reduction in spine density. Interestingly, this 475 pattern contrasts with homeostatic plasticity observed in some circuits (Davis, 2013 The existence of activity-and competition-dependent synapse remodeling is well mapped in the 482 immature brain as neural circuits first develop (Goodman and Shatz, 1993; Katz and Shatz, 483 1996; Walsh and Lichtman, 2003) . In many developing brain circuits, neurons initially form an 484 overabundance of weak synapses which are later pruned in a competition-dependent manner, 485 resulting in the retention of strong synaptic inputs (Bear, 1995; Knudsen, 2004 However, in the adult brain, such circuit plasticity is more limited (Tagawa et al., 2005; Sato and 492 Stryker, 2008 ), suggesting that the basic pattern of initial synapse formation and subsequent 493 remodeling/refinement in adult-born cells may be distinct. Indeed we did not see a period of 494 synaptic overabundance as newly integrated cells reached maturity. Rather the period of 495 synaptic 'competition' for newly integrating neurons reflects a rebalancing of functional inputs 496 across the molecular layer. Remodeling in the adult environment is relevant not only to 497 neurogenic niches, but also to repair after neural injury or cell transplantation approaches 498 (Lindvall and Kokaia, 2006; Lepousez et al., 2015) . cortex, which will functionally silence axons in the middle molecular layer of the dentate gyrus. 720 (D) Expression of TeNT in the middle molecular layer dramatically reduces the intensity of 721 VGluT1 expression in the middle molecular layer, indicating a disruption of presynaptic function. 722
